Abstract-In this report, heat extractors were embedded into the magnetic materials of the integrated power electronics passive modules. An optimum volume of heat-extracting material reduces the amount of electromagnetic energy that is processed, but more efficient heat removal yields higher levels of both electromagnetic stress and losses per unit volume in the remaining material. Without influencing the electromagnetic performance, heat extractors provide the potential to improve the power density of passive modules. This paper introduces the mechanism of heat extractors, and presents the issues to consider when heat extractors are used improve power density in passive power components.
INTRODUCTION
For a long time, pursuing high power density has been the trend in power electronics application. With the application of high-density integration technology and the corresponding optimization designs for integrated power electronics modules, high power density, of up to 480 W/in 3 , has been achieved in passive modules [1] . Associated with the increase in power density, the increasing loss density leads to thermal issues in practical applications. The maximum allowed temperature inside modules has become the main design limitation for passive power electronics modules. While the surface temperature of a module can be controlled by external cooling conditions, the maximum temperature rise inside the module is determined by its heat-conduction ability, which describes the capability of a module to disperse inner heat to the outside. The heat-extraction ability of a passive module is influenced by the distribution of generated heat, the structure, and the material properties, including the thermal-interface performance. For a specific module with fixed heat distribution, the maximum temperature difference between the inside and the surface of the module has been proposed to represent the heat conduction ability [2] .
A large part of the volume of a passive power electronics module normally includes ceramics with low average thermal conductivity [3] . To improve its heat-handling ability, the concept of embedded heat extractors has been proposed, and is proven to be a feasible approach [4] . The embedding of heatextracting material reduces the effective volume of the electromagnetic material, thus increasing the loss density; on the other hand, it provides additional heat-extraction channels and changes the distribution of the generated heat by separating heat-generating material with non-heat-generating materials. An improvement in the efficiency of heat removal yields the higher levels of both electromagnetic stress and loss density in the remaining electromagnetic materials. It also provides the potential to increase the power density. In practical design procedures, a tradeoff exists between high efficiency and high power density; this can be controlled by different criteria.
Based on the study of a specific integrated passive module, this paper investigates the application of heat extractors in passive power electronics modules. To improve the thermalremoval ability, heat extractors are inserted into a module. The construction and material characteristics of the improved module are discussed in Section II. The electromagnetic design of an integrated L-L-C-T module, and its loss distribution is presented in Section III. In Section IV, the factors influencing the thermal behavior of the improved module are discussed. Numerical simulation results are presented in Section V.
II. PASSIVE MODULE WITH EMBEDDED HEAT EXTRACTORS
An integrated passive module combines capacitive and inductive (as well as transformative) functions in a module (refer to Fig. 3 ). Providing sufficient inductance generally requires a magnetic material, such as a ferrite core. The dimensions of the core are determined not only by the electromagnetic specifications but also by the allowed core loss density. In cases where efficiency is not the main design consideration, the maximum allowed core loss density is set to limit the maximum temperature inside the module to less than a practical value, for example 100±C. It's obvious that by improving the thermal-removal ability of the module, the core can support a higher loss density, which normally corresponds to a higher power density.
A solid-state heat extractor has been proposed to improve the heat-conduction ability of cores in passive modules [4] . Heat extractors are embedded into cores to provide additional heat-transfer channels, as shown in Fig. 1 . In practical applications, the embedding of heat extractors is not supposed to change the overall dimensions of the module. Toward this end, a certain amount of the core is replaced by the heat extractors. Reducing of core volume increases the core loss density and changes the core loss. Assuming the module is excited with sinusoidal waveforms, the Steinmetz equation can be applied to estimate the core loss. The normalized core loss with respect to the relative volume occupied by heat extractors This work was supported primarily by the ERC Program of the National Science Foundation under Award Number EEC-9731677.
is described in Equation 1, where C 3 is a parameter in the Steinmetz equation that represents the material constant, which has a typical value of 2.9 for 3F4 material at 1MHz; and a is the relative volume of heat extractors, and is the ratio of the volume of heat extractors to the total volume. Fig. 2 shows that by replacing 10% of the core with heat extractors, the core loss will increase to 122% of the original amount. To maintain high efficiency, the reduction of core volume is normally expected to be less than 10%. The numerical optimization investigation shows that the optimal cross-sectional shape of solid-state embedded heat extractors is that of continuous flat layers as shown in Fig. 1 [5] . An added attraction for this approach is that heat extractors with flat structures offer easy assembly.
The location of heat extractors is another consideration for assembly. To avoid breaking the magnetic flux, the heat extractors should be located parallel to the flux lines, so that flux lines have minimal crossing of the interfaces between the ferrite and the heat extractors. Thus, the heat extractors have the same cross-sectional shape as the core, and are inserted evenly into the ferrite core, as shown in Fig. 3 . For this kind of structure, heat sinks are placed on the four side surfaces of the module in order to perform three-dimensional heat extraction.
To avoid generating additional heat, the heat-extractor material should be magnetically inactive. Aluminum nitride is selected as the solid-state heat-extraction material for high cost-efficiency and thermal conductivity, the achieved level of which is 170 W/mK; this is much higher than that of ferrite, which is about 5 W/mK.
Besides thermal conductivities, the interfacial thermal resistance also influences the overall thermal performance. As reported in other research [4] , when there is an increase in either the thermal contact resistance between the core and heat extractors or the thermal contact resistance between the module and the heat sink, there is a resulting increase in the barriers in the thermal path, thus the benefit of heat extraction is reduced. Thermal adhesives, such as silver loaded paste, were initially applied to reduce the interfacial thermal resistance to 2x10 -4 m 2 K/W, but the material failed to work at high temperatures. Noting that the interfacial thermal resistance is influenced by the contact pressure, the mechanical clamp is applied in order to reach the interfacial thermal resistance of about 2.3x10
In the previously mentioned work [4] , the core is the only heat generator; thus heat extractors are supposed to remove only the heat inside the cores. Heat transfers only one way from the core to the extractors. For this kind of applications, the interfacial thermal resistance is the dominant barrier in the heat path, and thus plays an important role in influencing the overall thermal performance of the module. However, in a practical passive power electronics module, the integrated conductor and dielectric materials create an amount of heat comparable to that generated by the core. In such a module, considerable heat is generated in the kernel of the module. On its way to the heat sink, the heat may induce a large temperature gradient due to the thermal contact resistance between the winding materials and the magnetic core, the thermal resistance of the core, and the thermal contact resistance between the core and the heat sink. Here, heat extractors provide not only a channel for extracting heat generated inside the core, but also an express to transfer the heat inside the kernel to the outer heat sink. The overall thermal performance of a module with heat extractors is not only determined by the material properties, but also the structure of the module and the distribution of the loss.
III. INTEGRATED L-L-C-T MODULE
A specific passive module is presented as the example based on which the factors influencing the module performance can be investigated.
The integrated L-L-C-T module, as the name indicates, has the equivalent function of the combination of four discrete components: magnetizing inductor, resonant inductor, resonant capacitor and transformer, as shown in Fig. 4 . This module is designed for a 500W DC/DC series resonant converter, converting 200V input to 48V output, with an operating frequency of 1 MHz. The design specifications are listed in Table 1 . The operation of this type of circuit is discussed in other work [6] .
The stacked structure is applied to implement the module [7] . The integrated module is built based on a transformer with planar windings. In the primary side, eight L-C cells are connected as a four-turn winding. The L-C cells are made by long, thin dielectric strips covered by copper layers on both the top and bottom sides. The dielectric material is ceramic NPO1250 with a relative permittivity of 186 and a thickness of 0.15mm. The copper layer has a thickness of half of the copper skin depth at 1 MHz. By properly setting the terminals and interconnections, the LC-cell winding functions as an inductorcapacitor series resonator. The secondary winding is made of thin copper foil. Between the two windings, a thin ferrite polymer composite (FPC) strip is used to provide leakage inductance. Both the windings and the leakage layer are encapsulated with epoxy. Two planar ferrite cores surround the encapsulated block with an adjustable air gap. The structure diagram is shown in Fig. 4 .
The dimensions of the module are determined by the values of the average current density, J, and the magnetic flux density, B. Setting these two parameters as the design variables, the optimal design maps are drawn in Figs. 6 and 7. Proper design can be achieved based on different criteria of efficiency and power density. The optimal design map shows the potential of this structure to reach high power density, but before the design is finally determined, the maximum allowed temperature rise should be considered as a limitation. To sufficiently narrow the research focus of this study, the authors have avoided selecting designs with high loss density, which may not allow for practical implementation in the verifying experiments. The selected design is the one with an average current density of 10 A/mm 2 , a flux density of 55 mT, and a power loss of 17 W. The dimensions of the module are listed in Table 2 , and the loss distribution is listed in Table 3 . 
IV. FACTORS INFLUENCING THE PERFORMANCE
To investigate how heat extractors influence the performance of the module, a thermal model is built based on the structure shown in Fig. 5 Several assumptions are made to simplify the model. In the windings, thin dielectric layers and thin copper layers interleave and stack tightly within an encapsulant package. The winding and the encapsulant together are regarded as a uniform heat-generating block with the same thermal conductivity as the dielectric material, 0.2 W/mK. Since heat extractors do not contact the inner part of the winding block, this approximation changes the temperature gradient inside the winding block, but has only a slight influence on the module performance as it relates to heat extractors.
The ferrite core is regarded as a uniform heat-generating medium. The thermal contact resistance between the core and the winding block is assumed to be the same as that between the heat extractors and the winding block, and is termed as the internal thermal contact resistance, R in . The thermal contact resistance between the core and the heat sink is assumed to be the same as that between the heat extractors and the heat sink, and is termed as the external thermal contact resistance, R ext.
As shown in Fig. 5 , the module length is much larger than its width and height. Thus, a two-dimensional heat transfer can be assumed on the cross section. Fig. 8 shows the diagram of heat paths on the cross section. In a module, there are two heat sources: the winding block and the magnetic core. Applying the superposition principle, the amounts of heat flux generated by these two heat sources can be studied separately, and the results can be combined linearly. For the heat generated inside the winding block, both the core and heat extractors are conduction channels, through which heat can be conducted to the heat sink. The internal and external thermal contact resistance and the equivalent thermal resistance of the combination of the core and heat extractors are the barriers on this heat path. For heat generated in the core, the winding block functions as a conductor connecting the core and heat extractors. The internal thermal contact resistance functions twice on one of the heat paths. Because of the different heat distribution, the equivalent thermal resistance of the combination of core and heat extractors is different from that for heat coming from inside the winding block. The equivalent structures of both cases are shown in Fig. 8 , where the core and the winding block are replaced by equivalent spot heat sources, and the corresponding equivalent thermal resistance is applied.
The relative volume of heat extractors influences both the core loss and the thermal resistance on the heat paths, while the interfacial thermal resistance between the core and heat extractors, R Fe-AlN , does not have much impact on the thermal performance. The interfacial thermal resistance becomes less important in cases where the core thickness is much smaller than the width and height of the module, because a small core thickness leads to a small area of contact with the heat extractors. Heat transfers directly to the heat sink without passing the heat extractors. The amount of heat conveyed between the core and heat extractors is also related to the heatgeneration distribution and detailed boundary conditions. In some applications, the loss in the winding block will be much higher than that in the core. If the core thickness is much smaller than the cooling area contacting the heat sink--for example, if a planar core is applied--the thermal resistance between the core and heat extractors, R CE , is so large that the heat conduction between the core and heat extractors is negligible. For such cases, it can be assumed that no heat transfer between the core and the heat extractors, and the model in Fig. 9 (a) can be solely applied. Assuming the value of R CE is infinite, the overall equivalent thermal resistance of the module can be expressed by the following: where k n is the ratio of the heat-extractor thermal conductivity to the core thermal conductivity; R s is the sum of the internal and external thermal resistances, R core is the thermal resistance of the core without embedded heat extractors; and a is the relative volume of heat extractors. The value of overall equivalent thermal resistance R o varies within the range
. If thermal adhesive with high thermal conductivity is applied in the internal and external interface, the value of R s can be small; then, the overall equivalent thermal resistance is approximately inversely proportionate to the relative volume of the heat extractors.
In some applications, the core loss is the dominant loss of the module, and the core thickness is comparable to the width and height of the module. Then, the model in the Fig. 9 (b) can be solely applied. Ignoring the heat passing through the winding block, the investigations for this model are carried out with numerical methods, and these results are verified by experiments in other work [4] .
However, in most power electronics applications, with the optimal design goal of high power density, the core loss is comparable to the winding loss and the dielectric loss, and core thickness is not negligible. For these cases, such as the integrated L-L-C-T module presented in Section III, numerical methods must be applied in the investigation.
V. THERMAL SIMULATIONS AND DISCUSSION
Based on the assumptions discussed in Section IV, a thermal model was built in the simulation software, I-DEAS, to investigate the factors influencing the performance of the module with heat extractors.
The simulation model consists of nine core layers and ten aluminum nitride layers. These two kinds of layers interleave with each other. By changing the thickness of the layers, the relative volume of heat extractors can be controlled. The thermal resistance on the interfaces is determined by materials and processing technologies. The internal thermal contact resistance is estimated by calculating the thermal resistance between the winding block and the inner surface of the core and heat extractors. The material in between can be either air (1) or the encapsulant (2) with a thermal conductivity of 1.5 K/mW. The material in between the heat sink and the outer surface of the module can be either thermal adhesive (3) or a gap pad (4) . The interfacial thermal resistance between the core and heat extractors is obtained from the measurement results [2] . By changing the surface roughness and the applied pressure, the interfacial thermal resistance can be modified. The values of the thermal contact resistance and the corresponding interfacial thermal resistance are listed in Table 3 . In the simulation, the temperature on the heat sink surface is fixed at 25±C. The two terminal surfaces are set as thermal isolation.
Since the varying relative volume of the heat extractor changes the loss as well as the loss distribution in the core, the module with the best thermal-handling ability may not be the one with the minimum temperature rise. Thus, the overall equivalent thermal resistance is not representative of the performance of a module. The maximum temperature difference between the inside of the module and the heat sink The notation (1), (2), (3), (4) are corresponding to materials discussed above.
surface, DT max , is accommodated to represent the performance of the module. The lower maximum temperature difference refers to better performance and also a larger power-processing capability.
Four factors influencing the performance of modules with heat extractors--the internal and external thermal contact resistances, the interfacial thermal resistance between the core and the heat extractors, and the relative volume of the heat extractors--were set as four respective variables in four different simulation groups.
For each simulation group, the maximum temperature difference in the module without a heat extractor was first simulated. This result was compared with the other results in the group. The module performance was then presented with normalized values of the maximum temperature difference.
A. Relative Volume of Heat Extractors, a
Simulations were based on two sets of materials, as listed below. Fig. 10 shows that by applying a small number of heat extractors, the maximum temperature difference decreases. The optimal value of the relative volume of heat extractors varies with different interface thermal properties. For the module presented, with the heat extractors occupying 15% of the total volume, the maximum temperature difference could be reduced to 85% with efficiency reduction of about 1%, as shown in Fig.11 . In other words, with the application of heat extractors, the power throughput and the power density of the module can increase to 118% while the maximum temperature remains unchanged, assuming that the increased power loss is proportionately distributed into the winding block and the core. Fig. 12 shows that the interfacial thermal resistance between the core and heat extractors has only a slight influence on the thermal performance of this module.
C. Internal and External Thermal Resistance, R in &R ext
The relative volume of heat extractors for this simulation is set at 10%, and the interfacial thermal resistance between the core and heat extractors is 2x10 -4 m 2 K/W. With the changing values of R in and R ext , the maximum temperature difference is obtained for modules with and without heat extractors, respectively. The two sets of values are compared to demonstrate the extent to which the maximum temperature difference could be reduced by applying the heat extractors. Fig. 13 shows that the smaller the contact thermal resistance, the greater that improvement contributed by heat extractors. VI. CONCLUSION This paper discusses the application of heat extractors in integrated power passive modules. The embedded heat extractors influence both the loss distribution and the thermal behavior of the module. Based on the thermal model describing the thermal behavior, four factors affecting the module performance were proposed and studied using the numerical method. Simulation results show that the relative volume of heat extractors has the most impact on the module performance. The thermal contact resistance on the heat path greatly influences the overall thermal performance. A large thermal contact resistance may limit the performance improvement. The results also show that the power density can be improved to 118% with the application of heat extractors.
